1988
). Approximately 97.6% of all water on Earth is saline and only 2.4% is fresh water 48 (although estimates vary depending on the author). Most of this fresh water is found as 49 groundwater or as ice, and only 0.009% occurs within lakes and rivers (Wetzel 2001) . Fresh 50 water is defined as water with a salinity ≤ 0.5 g dissolved salts·L -1 (International Symposium 51 for the Classification of Brackish Waters 1958), and the global average for lakes and rivers is 52 0.12 g·L -1 of salt (Wetzel 2001) . The reason for differences in salinity among water bodies is 53 the water cycle: surface water (both salty and fresh) evaporates and precipitates as fresh 54 water. A part of this fresh water precipitates on land and gradually flows back to the sea, 55 dissolving and transporting salts on its way. In parallel, the evaporation of large basins in 56 combination with the rise of land masses generates new terrestrial salt reserves. Ocean salinity 57 has been modeled to have varied over the last 600 My between 30 to 60 g·L -1 with a current 58 mean of 35 g·L -1 (Hay et al. 2006) . Mainly the sodium(Na)/potassium(K) balance in seawater 59 is thought to have shifted in favor of Na over time due to the higher potential of K to bind to 60 clay and thus to be removed from seawater (MacIntyre 1970) . 61
Seawater is not just a concentrated version of fresh water, as a number of processes impact 62 ion distribution in each environment. For one, salts (including nutrients) are washed into the 63 ocean at different rates. Thus, the availability of macro-and micronutrients differs 64 significantly between freshwater and marine environments. Primary production in the 65 majority of freshwater ecosystems is most often limited by the availability of phosphorus 66 (Schindler 1977) , whereas marine environments are primarily limited by nitrogen (Hecky and 67 Kilham 1988; Zehr and Ward 2002) or trace elements such as iron (Martin et al. 1990 ). Also, 68 once eluted from the soil, calcium ions (Ca 2+ ) readily precipitate as calcium carbonate 69 (CaCO3), whereas Na + remains in solution and is efficiently transported to the ocean. 70
Within the multicellular Ulvophyceae, only the Trentepohliaceae (100 species; Guiry and 243 Guiry 2015) are thought to contain exclusively terrestrial/freshwater species (Lopez-Bautista 244 2006). Its sister clade, comprising the Cladophorales, Bryopsidales, and Dasycladales 245 (Cocquyt et al. 2010b ), together accounting for >1,000 species (Guiry and Guiry 2015) , is 246 predominantly marine. The Bryopsidales include siphonous and siphonocladous algae that 247 can form dense seabed meadows. All known members are marine. This order also comprises 248 the invasive species Caulerpa taxifolia (M.Vahl) C.Agardh. The Cladophorales are generally 249 considered a marine order, but freshwater taxa are known from both of its principal clades 250 (Hanyuda et al. 2002) , thus corresponding to at least two independent adaptations. One clade 251 comprises the genera Aegagropila (freshwater, including the so-called lake balls or Marimo 252 balls), Pithophora (freshwater), Arnodiella (freshwater), Wittrockiella (marine), and some 253 Cladophora (marine and freshwater). Of the species examined by Hanyuda et al. (2002) , the 254 second clade comprises only two species (Rhizoclonium hieroglyphicum (C.Agardh) Kützing 255
and Cladophora glomerata (L.) Kützing) that occur in seawater and fresh water, and the 256 remaining 29 are marine. The Dasycladales are mainly unicellular or siphonous and are 257 dominantly marine (Lee 2008) , although e.g. Batophora oerstedii J.Agardh was also found in 258 freshwater environments (Valet 1979) . 259
The Ulotrichales are a heterogeneous group of primarily uniseriate, filamentous green algae 260 comprising 170 species (Guiry and Guiry 2015 The Ulvales, represented by >300 species (Guiry and Guiry 2015) , are characterized by a 270 cylindrical or sheet-like morphology (Lee 2008 the Kornmanniaceae, Ulvaceae, and Ulvellaceae, are represented by both freshwater and 276 marine taxa, though they are mainly marine . In each of these 277 families, it is likely that multiple independent colonizations of fresh water have occurred. (Zhu et al. 2015) . 300
Rhodophyta 301
Red algae occur in both freshwater and marine environments (Hirano 1965; Vis and Sheath 302 1996) . Approximately 97% of the 7,000 described species (Guiry and Guiry 2015) are 303 marine, occurring in both intertidal and subtidal zones. Compared with green algae, there are 304 only very few unicellular representatives. 305
Freshwater species exist in almost all red algal orders (Sheath and Vis 2015): only one higher 306 taxon of red algae, the subclass Ahnfeltiophycidae with its 11 described species, lacks 307 freshwater representatives ( Figure 1A ). Most freshwater red algae live in rivers and streams 308 rather than in lakes . They are usually filamentous ( Figure 2) and 309 smaller than marine species, with a narrower size range from 1-10 cm vs. <1-30 cm for 310 marine species (Sheath and Hambrook 1990) . 311
There are also red algal species that occur in both fresh water and seawater, e.g. Bangia 312 atropurpurea (Mertens ex Roth) C.Agardh and Bostrychia moritziana (Sonder ex Kützing) 313 J.Agardh (Youngs et al. 1998 ). The related species, Bostrychia scorpioides (Hudson) 314
Montagne, is common in saltmarshes worldwide. Members of the genus Hildenbrandia (but 315 different species) are likewise present in both environments. Based on a molecular phylogeny 316 14 of North American taxa there are several independent marine and freshwater clades 317 (Sherwood and Sheath 1999) . In European Hildenbrandia spp., the freshwater species form a 318 monophyletic group, suggesting that only one transition to fresh water took place in Europe 319 (Sherwood et al. 2002) and that the ancestral state was marine. 320
The Porphyridiophyceae, the Stylonematophyceae, the Compsopogonophyceae, and the 321 Rhodellophyceae (together comprising 130 species; Guiry and Guiry 2015) contain species 322 whose unicellular or simple filamentous morphologies occur in both marine and freshwater 323 environments; as do members of the subclass Nemaliophycidae ( 900 species; Guiry and 324 Croatian river characterized by extremely high pH and concentrations of calcium carbonate 333 (Žuljević et al. 2016 ). Among most freshwater habitats, there is a general over-representation 334 of red algae in softer water, however, it has been suggested that recent invaders of fresh water 335 are restricted to ion-rich environments (Sheath and Hambrook 1990) . 336
Stramenopila 337
Phaeophyceae 338
The largest class among multicellular stramenopiles is the Phaeophyceae, which comprises 339 forms from tiny filaments to giant kelps. Brown algae are very rare in fresh water. Of 2,000 sucrose, but not Na + (Beilby 2015) . In both taxa, membrane potential is maintained by an 519 increased activity of proton pumps. In an older study, Lamprothamnium papulosum 520 (K.Wallroth) J.Groves was also shown to modify levels of cell wall sulfated polysaccharides 521 with varying salinity (Davis and Lipkin 1986; Shepherd and Beilby 1999) . 522
In red algae, the discovery of the coralline freshwater red alga, Pneophyllum cetinaensis, 523 constitutes an interesting case study of a recent (probably within the last 120,000 years) but 524 irreversible transition to fresh water (Žuljević et al. 2016 ), but so far the necessary genomic 525 and physiological adaptations have not been studied. Another example is Bangia 526 atropurpurea, which is able to grow in fresh water (Reed 1980) . In acclimation experiments 527 to full marine salinity, this species was shown to rapidly synthesize large quantities of 528 floridoside, thought to serve as an osmoprotectant for the cells (Reed 1985) . B. atropurpurea 529 from the Great Lakes (USA) has been shown to exhibit reduced growth in seawater at a 530 salinity of 26 g·L -1 , but this effect was reversed (i.e. reduced growth in fresh water compared 531 to seawater) after three generations of acclimation to seawater (Sheath and Cole 1980) . 532
By analogy to the Baltic Fucus vesiculosus described in section 2 , the 533
Bangia populations also lack sexual reproduction in fresh water, despite the fact that they 534 have maintained their presence in the Great Lakes since the 1960s and probably originated 535 from fresh water-adapted European populations (Shea et al. 2014 ). Indeed, sexual 536 reproduction may merit particular attention when studying the adaptation to fresh water, as 537 23 has previously been argued by Raven (1999) . Specifically, the fusion of gametes is highly 538 sensitive to the surrounding osmotic conditions, and mechanisms to block polyspermy in 539 marine algae frequently rely on the influx of Na + , while freshwater algae generally rely on the 540 efflux of Cl -. 541
Within the brown algae, the aforementioned freshwater strain of Ectocarpus subulatus 542 provides a model for the transition between both environments. Here a combination of 543 metabolite and transcriptome profiling revealed that over half of all examined genes and most 544 metabolites were differentially expressed between the two conditions (Dittami et al. 2012 ). In 545 this case, changes included the upregulation of genes involved in cell wall sulphation in 546 seawater, which was confirmed using stained antibodies (Torode et al. 2015) . This freshwater 547 strain of E. subulatus has never been observed to reproduce sexually in the laboratory (A. 
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